Introduction
High level of interest in biodegradable polymers results from the environmental policy of many states, which aim to make the materials themselves, as well as the technological processes, more environment-friendly and to facilitate recycling of the products after use. Polylactic acid (PLA) and its copolymers constitute the largest group of polymers, classified as aliphatic polyesters, which are characterized by biodegradability under appropriate environmental conditions. The most popular biodegradable, biocompatible polymers of this group include: poly(glycol acid) (PGA), PLA, poly(ε-caprolactone) (PCL), polyhydroxybutyrate, polyhydroxyalkanoate, or their copolymers [1] [2] [3] [4] [5] . Exposure to microorganisms and humidity leads to cleavage of the ester bonds and degradation of the polymer chain to form smaller units -oligomers. The obtained degradation products are processed by anaerobic bacteria to yield carbon dioxide and water [6] [7] [8] . In this manner, the raw material for PLA synthesis is obtained by fermentation of a biodegradable material -sugar cane, maize, or other carbohydrates. A product obtained from such a polymer becomes, after the decomposition process, another phase of the closed cycle of PLA processing and recycling. The wide spectrum of interest in this polymer results also from the fact that PLA undergoes degradation in living organisms as well. The product of PLA decomposition is a compound occurring in nature; therefore, it can be eliminated via typical metabolic pathways (Krebs or Corich cycle) and is not hazardous for the organism [5, 6] . Owing to its structure and the potential to occur in two different, optically active, chiral forms: (L)-lactide (D)-lactide; the produced polymer can possess properties appropriately adjusted to the needs and to the method of further processing. Additionally, it is possible to program precisely the chemical structure, the molecular mass, as well as the sequence of the particular units or comonomers in the polymer chain, affecting many other properties at the same time, by selection of the method of synthesis and the used catalysts. Obtaining lactic acid involves polycondensation of lactide oligomers, which results in prepolymer formation. Using an appropriate catalyst, prepolymer synthesis is then conducted and the obtained product is removed from the reaction medium [2] . There are essentially two groups of methods to obtain PLA. The first one involves direct condensation polymerization of lactic acid under high vacuum and at high temperature. However, the above method allows obtaining polymer of relatively low molecular weight, whereas the occurrence of transesterification process results in the formation of ring compounds of various sizes. The difficult aspects of the method include the necessity to use a large reactor, the drainage of water from the mixture characterized by high viscosity, the retrieval of the solvent and increased racemization. That is why, the method is not applied in industrial scale production of the polymer [2, 5, [9] [10] [11] [12] [13] . Ring opening polymerization is a triphasic synthesis process for controlling the molecular weight of the obtained polymer; therefore, this method is preferred for fabrication of the polymer on a mass scale. Owing to adjustments of the reaction time, process temperature, and the type of catalyst used, it is possible to control the proportions and sequences of D-and L-lactide in the final polymer chain. Tin and aluminum compounds are the group of commonly used catalysts [2, 4, 5, [13] [14] [15] . Despite their high activity and effectiveness, they are regarded as toxic [2] . To improve the biocompatibility of the polymer in the synthesis process, non-toxic catalysts have been proposed. The research of many authors [16] [17] [18] [19] [20] [21] [22] [23] concerning biocompatibility increase of polymers designed for medical applications has been based on the use of calcium iron, magnesium, and zinc compounds as catalysts. Unfortunately, despite lower toxicity, these compounds the recent years, numerous research centers have focused their interest on obtaining nanofibers from biodegradable, biocompatible synthetic polymers, as well as from the natural ones, originating from the living organisms, such as: PGA, PLA, PGLA, PCL, PDO, collagen (types I-IV), gelatin, elastin, silk, fibrinogen, or hemoglobin [36] . The polymers that still cause considerable problems while formed by electrospinning are alginates and hyaluronic acid. The occurrence of repelling forces due to polyelectrolytic nature of these polymers makes the electrospinning process more difficult, or even impossible. It is possible to obtain fibers from these biopolymers by using special additives, but the problems cannot be eliminated completely [37] . The electrospinning method allows to obtain fibers with diameters ranging from a few nanometers to over 1 µm. Most polymers processed with this method are dissolved in an appropriate solvent, as a result of which polymer solution is obtained. Fibers can also be produced by electrospinning from polymer melt, but it is much more difficult considering that spinning should take place under vacuum conditions [38] . By selection and control of technological parameters of the process, material-related variables, and also the type of collector used, or modification of the process itself, structures differentiated with respect to orientation and arrangement of the fibers, morphology and properties can be obtained, allowing to produce systems with appropriate fiber orientation and disposition, nano-or submicron composite fibers, highly porous nanofibers, or live cell scaffolds [36, [38] [39] [40] [41] [42] [43] [44] [45] [46] .
In most cases, fibrous nanostructures obtained by electrospinning are fabricated to develop controlled bioactive substance or drug release systems, scaffolds for cell cultures, membrane materials for ultrafiltration, modern dedicated dressing materials, advanced medical implants, or filter materials. The wide spectrum of application of nanofibers results from their size, which is associated with well-developed internal surface (ensuring excellent absorption or effective release) and the system of open pores. Such characteristics make it possible to introduce the active substance into the porous structure of the fibrous material, or directly into the polymer matrix, warranting its slow release. As far as filtering materials and membranes are concerned, they are capable of retaining particles of specific size and their effective separation. Such a material as PLA seems ideal for these purposes, considering its biodegradability and non-invasiveness, both for biological systems and for living organisms.
In the study by Ionescu et al. [47] , the research was focused on composites based on microspheres and nanofibers made, among others, of biodegradable polymers, including PCL, poly(ethylene oxide), PGLA, and poly(vinyl alcohol) (PVA), containing additionally the following biomolecules: bovine serum albumin and chondroitin sulfate. The microspheres introduced to the polymer solution were then formed to obtain fibrous substrates. Depending on the material of the microcapsules and on the nanofibrous system into which they were introduced, it was possible to wash out a particular system and to obtain fibrous structures with the capsules dispersed in the porous structure. As concluded in that study, the introduction of microcapsules into the analyzed system did not affect significantly either the mechanical properties of the demonstrate the capability of PLA racemization, especially at high temperatures. Moreover, they may contribute to hydrolysis, oxidation, or degradation initiated in another way [2] .
Textile engineering is a developing and promising area of research, focused on obtaining materials with specific properties as a result of processes allowing to adjust the parameters determining directly the structure and the properties of the obtained products. A wide spectrum of methods allowing to process high-molecule compounds into various fibrous products and composite materials as well as the potential for easy modification of polymers make it possible to eliminate the problems resulting from high susceptibility and sensitivity of PLA to thermal and hydrolytic degradation. In the case of PLA processing, susceptibility to hydrolysis can be initiated by using high temperature, or by the presence of even small amounts of humidity, not exceeding 100 ppm, in the polymer [7, 24, 25] .
In medical applications, fibrous structures are advantageous because of anisotropy of properties and because of their morphology; the characteristics of these products resemble most closely those of the living tissues. Modifications of their structure, surface, and composition by adding biologically active substances and modifiers allow to produce biomimetic structures. Depending on the selected method of fiber formation, various effects related to the structure and properties of the fabricated fibers and fibrous structures can be obtained. The most common methods used to form fibers and fibrous substrates from polymer melt make it possible to obtain fibers with high-strength parameters within the 410-870 MPa range. However, there are reports in the relevant literature concerning a significant decrease in the molecular mass of the processed polymer, reaching even 70-80%. As a result of polymer shredding, heating, and stretching in a hot medium, uncontrolled degradation of the material occurs due to exposure to high temperature [5, 26, 27] . In addition, the presence of trace amounts of water exerts an unfavorable effect. Obtaining PLA fibers from the solution not only contributes to reduction of that phenomenon but also enables easy introduction of various modifiers, those sensitive to temperature, as well as viable cells or proteins. Owing to the development of the dry spinning method for fiber formation from the solution [33] , it is possible to obtain fibers characterized by strength parameters comparable to those of the fibers obtained from polymer melt, eliminating at the same time the unfavorable degradation process of the polymer material.
Electrospinning is one of the most popular methods used in fabrication of fibers and fibrous substrates. It is one of the numerous methods, including e.g. phase separation, extension, or self-organization, used to obtain nanofibrous scaffolds. The first patent concerning electrospinning of fibers was published in 1934 by Formhals [34] [35] [36] . Despite many years of research and numerous studies on this method, it is not used on a mass scale, except for Donaldson Company, Inc. (Minneapolis), which manufactures air-filtering materials. However, interesting results of research, high spectrum of potential applications of the obtained fibrous materials, unique properties unknown to date, as well as the possibility of infinite modifications determine ideal conditions for further development of this technology. During
Characterization and selection of the study material
The study was carried out using a polymer referred to as Resomer®LG 824, a copolymer of L-lactide and glycolide combined in proportions ranging from 79:21 to 85:15, manufactured by Boehringer Ingelheim (Germany). To obtain fibers, two types of solvents were used: dichloromethane and 50:50 mixture of dimethyl sulfoxide and dichloromethane. To confer osteoinductive properties to the fibers, hydroxyapatite powder with grain size below 200 nm, manufactured by Sigma-Aldrich (Germany), was introduced into the solution. The characteristics of the polymer were obtained using gel chromatography method (SEC/GPC); the results of that analysis are presented in Table 1 .
Investigations using DSC demonstrated that the used polymer is a crystalline polymer with vitrification temperature of 57.71°C and crystalline areas melting temperature of 156.52°C. The melting enthalpy was 35.23 J/g.
To obtain the polymer solution, the preliminary experiments were carried out using dichloromethane. Three types of solutions with 10%, 6% and 4% wt polymer concentrations were obtained with the addition of 1% wt (as related to the polymer) hydroxyapatite. For that purpose, hydroxyapatite was mixed with dichloromethane using a sonic stirrer, then polymer was added to the suspension of hydroxyapatite in dichloromethane and the solution was prepared using a magnetic stirrer. The preliminary electrospinning trials demonstrated that only the 6% solution was suitable for further experiments. The 10% solution was characterized by too high viscosity to allow obtaining fibers by electrospinning, whereas the 4% one yielded a film instead of a fibrous substrate. Therefore, the 6% solution, whose rheological properties were determined with a rotation rheometer (manufactured by Anton Paar), was used in further research. The results are presented in Table 2 .
The second type of solution was obtained using a mixture of solvents -dimethyl sulfoxide and dichloromethane combined in a 50:50 proportion. Analogical to the case discussed above, 15%, 10%, 6%, and 4% with 1% wt hydroxyapatite (as related to the polymer amount) were added, as well as solutions obtained scaffolds or the process of release of microspheres trapped inside the composite. The results concerning active factors release kinetics within 30 days are promising, as slow and homogeneous release of biomolecules was noted.
The studies concerning electrospinning of PLA and its copolymers with different bioactive factors such as antibiotics, anticancer drugs [48] , lyophilic and hydrophilic substances, numerous proteins, genes, DNA [49] [50] [51] , or silver nanomolecules have been reported in the literature. Fibrous composites with nanoadditives such as montmorillonite (MMT) and titanium dioxide have also been obtained [48] .
Position [52] , concerned with two-component fibers obtained by electrospinning from PLC and PLA, focused primarily on developing a system of controlled antibiotic release. By modification of proportions between the individual polymer, the concentration of the spinning solutions and parameters of the process, it was possible to select the variant providing the optimal conditions to obtain the desired drug release rate.
In contrast, the study by Bhattarai et al. [53] presents the effect of PLA-and poly(ethylene glycol) -based fibrous structures obtained by electrospinning with methylene chloride and DMF used on the cellular response of NIH 3T3-type murine fibroblasts. Despite hydrophobic characteristics, it was possible to obtain structures with the appropriate proportions of polymers enhancing the biological activity of the investigated cells. Both cell proliferation and morphology and the interaction between the investigated material and the cells were observed to be favorable. The promising results of the study allow to expect that there is a potential for fabrication of fibrous structures making it possible to obtain specific cellular responses.
The aim of this paper is to present the possibilities of obtaining nanofibrous structures produced by electrospinning from a polymer solution, constituting a copolymer of L-lactide and glycolide, combined in proportions ranging from 79:21 to 85:15 with the addition of hydroxyapatite. The material has been designed to be used for regeneration of osseous tissue as an osteoconductive (because of the porous structure of the fibrous substrate) and osteoinductive material (the presence of a bioactive substance -nanohydroxyapatite -HAp).
Polymer
Specific viscosity (dl/g) 

Concentration of spinning solution (% wt) Rheological parameter (n) Rheological parameter (k)
PLGA/ 1% HAp 6 0.994 9.86 Table 2 . Rheological characteristics of PGLA/dichloromethane solution used for electrospinning in preliminary studies.
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http://www.autexrj.com transverse dimensions ranging from <1 µm to 11 µm, making up the non-woven material. Therefore, further attempts to produce fibrous substrates from another type of solutions, characterized in Table 2 , were undertaken. Variable distances between capillaries and the drum were also used in this case, increasing the voltage values as the fiber collection distance was increased.
The results of the experiments for solutions both with and without hydroxyapatite addition are presented in Tables 5 and  6 . In the first cycle of the experiments, the set parameters of the electrospinning process were intended to determine the optimal distance between the electrodes. Three distances -15, 25, and 30 cm -were tested at a constant voltage value of 30 kV. The experiments were conducted with the drum collector rotation speed of 20 rpm. The results obtained for that cycle of experiments are presented in Table 5 .
As it follows from the completed experiments, the smallest transverse dimension of the fibers was obtained for the 25-cm distance between the electrodes. The fiber transverse dimension for such setting of the experimental stand was 670 nm, with the standard deviation of 170 nm. Further experiments were conducted so as to keep the constant distance of 25 cm and change the voltage applied to the upper electrode to 20 and 15 kV. With such technological parameters, the fibers of 800 and 750 nm transverse dimensions, respectively, were obtained. The presented stage of the experiments was completed at that point, specifying the following conditions as optimal for fiber formation to obtain the desirable dimensions: distance between the electrodes 25 cm, difference of potentials between the electrodes 30 kV, needle diameter 0.9 mm, rotation speed of the drum collector 20 rpm, and needle bar speed 20 mm/s.
The subsequent stage of the study concerned the conditions of fiber formation from PLGA solution in DMSO/DCM solvent mixture with 1% addition of hydroxyapatite. The experimental procedure was analogical to the previous case. In the first series of experiments, constant voltage value of 30 kV was adopted, with variable distances between the electrodes. The results of the experiments are described in Table 6 . The presented results indicate that the quality of the obtained fibers is considerably worse than that of the fibers formed without hydroxyapatite added, despite the fact that the average transverse dimension did not differ significantly from that of the fibers spun from pure PLGA polymer. Segmental thickenings of various lengths are observed in the fibers. The without HAp addition. The preliminary electrospinning trials confirmed the applicability of two solution types with 6% and 4% polymer concentration. The 15% and 10% solutions were characterized by too high viscosity to undergo electrospinning. The rheological properties of the solutions used in further research are presented in Table 3 .
Fibrous substrate formation method
The fibrous substrate was formed by electrospinning using a multicapillary experimental stand described in another study [54] . The experiments were conducted using capillaries 0.9 mm in diameter with drum collector rotation speed of 35 rpm in the first series and 20 rpm in the second one, with variable distances between the capillaries and the collectors and variable voltages applied to the upper electrode.
Results
In the first series of measurements, a 6% wt PLGA solution in dichloromethane with the addition of 1% hydroxyapatite as related to the polymer mass was used. Electrospinning was conducted with the distances between the capillaries and the collector drum set at 15, 25, and 35 cm, respectively. Increasing the collection distance correlated with an increase in voltage applied to the upper electrode. The experiments were conducted at 15-16°C because of high volatility of the solvent. Higher temperature caused polymer curing when it was still on the needle. The obtained fleeces were analyzed to assess the transverse dimensions of the fibers that formed them. Transverse dimensions were assessed using Lucia G software, designed for the analysis of images obtained using an electron microscope (SEM) manufactured by FEI Nova Nano SEM. Table 4 . Results of diameter measurements and images of fibers electrospun from 6% PLGA solution in dichloromethane with 1% nanoadditivehydroxyapatite -as related to the polymer mass.
yielding fibers of a few hundred nanometers dimensions. The fibers were electrospun under the optimal conditions selected for the 6% PLGA in DMSO/DCM solution variant, i.e. with 30 kV voltage applied and 25 cm distance between the electrodes. The results of the experiments are presented in Table 7 .
a situation, it was decided to conduct the electrospinning process for 4% PLGA solution in DMSO/DCM, also with the content of hydroxyapatite amounting to 1% as related to the polymer mass. The consistency coefficient for that solution is similar to the value obtained for 6% PLGA solution, for which the course of the electrospinning process was stable, 
http://www.autexrj.com considerably smaller transverse dimension than that of fibers electrospun from PLGA solution in pure dichloromethane. In the first case, fibers of transverse diameters within the 920-330 nm, depending on the formation conditions, were obtained, whereas in the second case the transverse dimensions ranged from 1700 to 3590 nm. In the first case, the obtained fibers were also
Discussion and conclusions
The presented results indicate that the use of spinning solutions of 4% and 6% wt concentrations prepared with dimethyl sulfoxide and dichloromethane combined in 50:50 proportion contributed to the formation of a substrate made up of fibers with hydroxyapatite (in proportion to the polymer mass), the average transverse dimensions were as follows: for fibers obtained from 6% PLGA solution in DMSO/DCM mixture with 1% HAp, formed under optimal conditions, the average diameter (taking into consideration, the transverse dimension and its dispersion) reached 0.9 µm with variability coefficient of 41.1%, whereas for fibers formed under the same conditions from 4% solution, the transverse dimension was 0.35 µm with variability coefficient of 37.1%.
Conclusions
1. The use of spinning solutions of 6% wt concentration, prepared with dimethyl sulfoxide and dichloromethane used in 50:50 proportion, allowed to obtain a substrate made up of fibers with significantly smaller transverse dimension and smaller dispersion of its values than in the case of electrospinning from PLGA polymer solution in pure dichloromethane.
characterized by much less significant dispersion of transverse dimension values. Their variability coefficient fell within the 41.1-58% range for 6% PLGA solution, whereas in the second case the variability coefficient exceeded 100% in some instances. Therefore, it should be concluded on the basis of the study that using the mixture of dimethyl sulfoxide and dichloromethane in 50:50 proportion as a solvent for PLGA with 1% hydroxyapatite stabilizes the electrospinning process, which allows to obtain thin fibers of 620-900 nm transverse dimensions. More detailed analysis of fleeces obtained by electrospinning from solutions with DMSO and DCM mixture indicates that fibers formed from 6% PLGA solutions with 1% HAp and without HAp addition are characterized by higher transverse dimension values than fibers formed from 4% solutions, which has been illustrated in Tables 5, 6 
